Abstract: A five-pole ultra-wideband (UWB) bandpass filter (BPF) with broad stopband for FCC UWB indoor communication application is developed. It employs a step-impedance stub-loaded tri-mode resonator, by properly selecting the impedance ratio of the stub, the proposed resonator is able to be downsized without changing significantly its tri-mode characteristics. The advantages of such resonator are easy control of its frequency response and highly compact in structure compared with other resonators. Moreover, a lowpass filter (LPF) is utilized to suppress the unwanted highfrequency harmonics of the proposed UWB BPF. Design and synthesis procedures with details are provided, and good agreement between simulated and measured results is also observed. Due to the fact that the introduced filter structure is simple and all the geometrical parameters are larger than 0.1 mm, the UWB BPF is feasible for low-cost fabrication using conventional printed circuit fabricating techniques.
Introduction
The ultra-wideband (UWB) technology has been drawing much attention since it was released by the Federal Communication Commission (FCC) in 2002 [1] . UWB microwave filters are essential components for UWB technology applications such as UWB wireless communication and radar systems. Typical UWB filter design techniques includes: cascading high-/low-pass filters [2, 3] ; using multiple shortcircuit stubs [4, 5] ; using microstrip line coupled with coplanar waveguide (CPW) structure [6] ; using multi-mode resonators (MMR) [4, 5, 6, 7] . Among these, UWB bandpass filters (BPFs) based on MMR requires the minimum number of reso-nators, having the most compact and also relatively simply structure (avoids structures such as via holes for shot-circuit stub and backside slots for CPW, which require complicated fabrication process and may increase the errors with measurements), thus developments of such filters have been reported many in recent years. In [7] , by using a microstrip line step-impedance resonator (SIR)'s first three resonant modes, a UWB BPF performance is realized. Although the frequency selectivity of this filter was poor due to that there was no transmission zeroes generated by the SIR, it introduced a new method into UWB BPF design, and many UWB filters have been presented following this idea [8, 9, 10] .
Besides, various sub-loaded multi-mode resonators have been proposed and implemented to design UWB filters [11, 12, 13, 14, 15] , which are characterized by the ease of controlling the frequency response compared with other resonators. In [11] , a UWB bandpass filter is developed by using microstrip stub-loaded dualmode resonator doublets, the fractional bandwidth is wide (over 103%) but requires at least two MMRs and more for better skirt property. In [12] , a microstrip tri-mode resonator with two open-circuit stubs is introduced. The UWB bandpass filter based on this proposed MMR has a very simple structure but the fractional bandwidth is relatively narrow (about 30%). In [13] , a stepped-impedance stub-loaded resonator (SISLR) is characterized by theoretical analysis and is found to have many advantages of UWB BPF design. However the UWB filter based on SISLR in [13] has a narrow stopband (20 dB suppression until 16 GHz). Also, there are implements of stub-loaded ring resonators in UWB BPF designs [14, 15] , which also perform multi-mode resonances, but their structures are less compact. Moreover, to improve the communication quality, there is a demand for these UWB BPFs to have wide stopband for suppressing interfering signals from other bands by applying appropriate harmonic suppression techniques [6, 12, 16] .
In this paper, a modified microstrip step-impedance stub-loaded (SISL) trimode resonator is presented following the idea in [13] , and a compact UWB BPF is developed. By analyzing the presented SISL MMR with the even-and odd-mode method, we find that when raising the impedance ratio of the loaded stub, the resonator could achieve a highly compact structure and still maintain its tri-mode resonant feature, which means the size of the UWB BPF can be cut down largely without influencing much its ultra-wideband performance. In addition, we utilize a lowpass filter (LPF) with simple structure and broad stopband to improve the outof-band performance of the UWB BPF [17] . Full-wave EM simulator software (Ansoft HFSS) is used to simulate frequency response of the proposed SISL trimode resonator and UWB BPFs. To validate the design and analysis, the filter prototypes is fabricated, and the simulated and measured results are compared in this paper.
2 Design of the ultra-wideband bandpass filter 2.1 Analysis of the SISL tri-mode resonator The basic structure of the conventional stub-loaded dual-mode resonator in [11] is shown in Fig. 1(a) . It consists of a half-wavelength (L ¼ g =2 at the center frequency of the passband) microstrip resonator and an open-end short stub loaded at the center. We found that if we further lengthen the central-loaded stub, normally over g =2 (see Fig. 1(b) ), the third resonant mode appears, which can be used to realize wider passband in UWB filter designs. Then it comes with the problem that the size of the resonator gets increased when we lengthen the stub to obtain more resonant modes. To solve this problem, we transformed the conventional unionimpedance stub into step-impedance stub as shown in Fig. 1(c) , since it adds more structure parameters and thereby more resonator/filter design flexibilities.
Since the modified step-impedance stub-loaded (SISL) MMR is symmetrical in structure, its resonant modes can be characterized by adopting the even-and oddmode analysis. The equivalent circuits of the SISL MMR under even-and oddmode excitation are given in Fig. 2 Fig. 2(a) , we defined the characteristic admittance of the half-wavelength resonator as Y 1 and the electrical length of it as 2 1 . Similarly, the characteristic admittances and electrical lengths of the low-and high-admittance section of the stub are defined as Y 2 , Y 3 , and 2 , 3 respectively. It can be seen from see According to the transmission line theory, the resulting input admittance for odd-and even-mode can be expressed as: Stepimpedance stub-loaded tri-mode resonator. 
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Equations (1) 
We discussed this parameter because it roughly represents the overall length of the stub, as well as the height of the SISL MMR, in which case the proposed tri-mode resonator can be downsized by making this parameter smaller.
As shown in Fig. 3 , when the stub has been changed from union-impedance (K ¼ 1) into step-impedance (K ≠ 1), the overall electrical length 1;2;3 of the proposed MMR under even-mode can be shorten and reach a minimum value with certain 3 . Also, it can be observed that the higher the K is, the smaller this minimum value could be: when we set K ¼ 8, the minimum electrical length 1;2;3 of SISL MMR under even-mode reaches 129°, which is decreased by about 27.8% compared with the conventional union-impedance stub MMR (K ¼ 1). In other words, by increasing the stub admittance ratio K, we can cut down the size of the MMR without changing its tri-mode resonant performance. Fig. 1(b) ), three resonant modes are observed, which are the odd-mode at f 0 , and the two even-modes at f 1 and at f 2 , respectively; 2) the tri-mode features of the SISL MMR maintain nearly unchanged under the case of K ¼ 8, when we introduced different values of 3 and 1;2 . In Fig. 4 , the values of 3 and 1;2 are determined according to Eq. (4) and Fig. 3 , and they are 3 ¼ 55°, 1;2 ¼ 95°and 3 ¼ 20°, 1;2 ¼ 109°at the first evenmode, the corresponding simulation structure parameters in Fig. 1(c) are h 1 ¼ 1:7 mm, h 2 ¼ 3:6 mm, and h 1 ¼ 2:7 mm, h 2 ¼ 1:2 mm respectively. Based on the above discussion and the purpose of achieving a highly compact tri-mode resonator, we set the design parameters as follows:
The simulated frequency response of this initial-designed SISL MMR is shown in Fig. 4 in solid line and its configuration is presented in Fig. 5 . Since the three resonant modes of this MMR are evenly distributed in the target frequency range, which is 3.1-10.6 GHz, along with a transmission zero on the upper side of it and 
rapid attenuation on the lower side, it will be used to design a BPF with ultra-wide passband and high frequency selectivity in the next section.
Design of a UWB BPF (Filter I)
We designed a UWB BPF based on the SISL tri-mode resonator discussed in 2.1. To realize the ultra-wide passband performance, an aperture-backed paralleled coupling structure is employed as shown in Fig. 6 . This coupling structure will produce two more transmission poles in the UWB passband if we set the feed lines at both sides as quarter-wavelength at the center frequency of the passband and adjusted the width of the aperture on the ground plane until it provides an appropriate coupling strength. Meanwhile, we managed to keep all the coupling gaps and microstrip line widths no less than 0.1 mm in order to relax its fabrication tolerance and ensure this UWB filter design practical for applications. Therefore, we achieved a five-pole UWB BPF with quite good performance as shown in Fig. 7 . In the ultra-wide passband from 4.1 to 9.6 GHz, it has high return loss (>12 dB) and low insertion loss (<0:4 dB), as well as sharp skirt property. Also, the overall size of this UWB BPF is found to approximately equal to 0:5 g =2 Â 0:3 g at 6.85 GHz (the center frequency of the designed passband) that is much smaller than that of the existing designs in [11, 12, 13, 14, 15] .
However, there is a parasitic passband around 18.1-24.5 GHz, caused by the spurious response of the mirostrip structure, which makes this initial-designed UWB BPF failed to meet the FCC UWB indoor communication emission limit for upper stopband performance, as shown by the dash line in Fig. 7 .
Design of a UWB BPF with broad stopband (Filter II)
To improve the upper stopband performance of the UWB BPF design in 2.2, we introduced a lowpass filter (LPF) with broad stopband and very simple structure [17] . As presented in [17] , this LPF consists of two miscrostrip transmission lines (Z a , a and Z b , b ), as shown in Fig. 8 . It will have three transmission zeroes within 
the stopband ðf Z1 ; f Z0 ; f Z2 Þ when we set one of these two transmission lines as half-wavelength and another one as one-wavelength (both electrical lengths are described at the center frequency of the LPF's passband (f P0 )). Moreover, these three transmission zeros can be allocated accurately by adjusting Z a and Z b through corresponding formulas given in [17] .
According to the UWB filter design in 2.2, of which the target spurious passband to be suppressed is approximately from 18.1 GHz to 24.5 GHz, we set the design parameters of the LPF as bellowed:
The simulated frequency response of the LPF with above design parameters is given in Fig. 9 . It indicates that the proposed BSF operates a wide stopband with about 20 dB suppression from 16.2 GHz to 25.7 GHz, donated by three transmission zeros. The LPF provides also a very good passband which has over 22 dB return loss, almost 0 dB insertion loss, and fully covers the passband of the UWB BPF designed in 2.2. Therefore, the designed LPF is quite suitable for harmonic suppression in the UWB BPF design.
Ultimately, we cascaded this LPF with the BPF in 2.2 to achieve a UWB BPF with broad stopband, see Fig. 10 . We connected these two units through a quarterwavelength microstrip transmission line with appropriate width and length driven from the optimization on Ansoft HFSS to maximum the matching effect.
The simulated S-magnitude of this cascaded UWB filter is plotted in Fig. 11 . A significant improvement of the upper stopband can be observed: 10 dB stopband extends to over 30 GHz. Both the lower and upper stopband of the final-designed UWB BPF meets well with the FCC UWB indoor communication emission limit shown by the dash line in Fig. 11 . Meanwhile, it also performs excellent passband characteristics: the 3-dB fabrication bandwidth reaches 82.3% from 4 GHz to 9.7 GHz; in the passband, the return loss is larger than 15 dB at most frequencies and the insertion loss is less than 0.45 dB. Fig. 9 . Simulated frequency response of the LPF as shown in Fig. 8 when 
Experimental verification
The five-pole UWB BPF designed in 2.2 was fabricated and the photographs of its top-and bottom-views are given in Fig. 12 . Network analyzer Agilent 8722ES (50 MHz-40 GHz) is used in this experiment to measure the frequency response of the fabricated filter and the results are drawn in Fig. 13 . For comparison, the simulated characteristics of the proposed filter is also given in Fig. 13 , in which the metallic loss (set the top and bottom layer metal conductivity as copper), dielectric loss (set the substrate loss tangent as 0.02) and radiation loss (set the filter in free space without shielding box) have been taking into consideration. It is seen from Fig. 13 that the agreement between the measurement and simulation is quite good. Within the passband, the simulated and measured insertion is less than 2 dB and 3 dB respectively, while both their return loss is larger than 10 dB, and the 3 dB factional bandwidth is about 72.4% (from 4.5 GHz to 9.5 GHz). The measured insertion loss is larger than the simulated one, and the main reason may be that the radiation loss is larger than the theoretically predicted one. In Fig. 13 , the FCC's UWB indoor communication limit is also shown by the dash line, and it is seen that both the theoretical and measured performance of the proposed UWB BPF filter meet well with this FCC's limit.
Conclusion
In this paper, a highly compact five-pole ultra-wideband bandpass filter was designed based on microstrip step-impedance stub-loaded tri-mode resonator, which can be downsized largely by raising the admittance ratio of the stub and, meanwhile, ideally maintain its tri-mode resonating characteristics. By cascading a microstrip lowpass filter with simple structure to suppress the unwanted parasitic passband, we further improved the upper stopband performance of the proposed UWB BPF, making it fully qualified under the FCC UWB indoor communication emission limit. The proposed filter design was fabricated and measured, both the simulated and measured results indicates that this filter design is a very good candidate for the UWB communication application due to its fine performance and compact, also easy-fabricating structure.
